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ABSTRACT 



Title: A ComproBBor Test Facility 

Authors Lieut. Gustav F. Swulnson Jr., U.S. Kavy 

Lieut. Alexander A. Padla, U.S. Navy 
Mr. Charles A. Oern 

Suboiitted for t^o degrees of Naval Engineer and Master of 
Science in the Department of Naval Architecture and Marine 
i^nglneering on IP 52ay 1961. 

The operpticn of gas turbine units over a long period of 
time had previously been restricted by failure of aetale in 
service. However, with the increasing use of gas turbines on 
land and aea inatallaticns , it is necessary to know at what 
point the units must be torn dovm for overhaul. The design of 
turbines and combustion chambers are relatively insensitive to 
changes in efficiency due to fouling. The compressor, however, 
is 4 Uite sensitive and ^all changes in blade shapes effect 
large changas in efficiency. For this reason it is necessary 
to study the effect of fouling on compresaor blading. This 
fouling can come from several sources — salt particles in the 
atmosphere over the sea, or dust particles ov?u' land. 

in order to study the effect of this fouling on a compressor, 
it Was necessary that a compressor test facility be designed 
and bxillt, aiid this thesis concerned itself with this project. 

A Viestlnghouso XV.5B jet engine was usee as the maciiinery 
element cf this test facility. However, since it was not desired 
to run the apparatus "hot*’, a change in the air flow had to 
be joade. a power air circuit including the turbine wneal 
comprised the driving unit for the apparatus, and a test air 






circuit includinp. the coapressor made up the experimental 
circuit. 

In order to accomplish tho flo?; of two circuits throu^-h 
the faa turbine, tho combustion chamber was stripped of all 
its burner elements and n diaphrugra was inserted trunsvorsly 
inside the chamber. An annulus was mounted on one side of the 
diapru’afTn to accommodate the flow of power air and exhaust 
duct was tap;. ed into the other side of the diaphragm to receive 
the flow from tho compressor outlet. 

An oil mist recovery system was designed, built, and in- 
stalled in tho apparatus In ordor to prevent tiie fouling of 
the wind tuimel ducting with exhaust lubricant. 

Measurement of the air flow through the compressor Is 
accomplished by measuring tho pressure drop across the inlet 
(iuct which has been callbrutod against a standard orifice. 

Test runs wore made with the apparatus ut speeds up to 
lb, 000 rpm in order to determine any mechanical difficulties 
and d'^ta obtained during these runs gave an approximation 
to the compressor characteristic curves o«.t speeds of 15000 
rpm and below. 
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Ono of tiie major factora cioterininlng the effoctlvo 
oporatton of a gas turbine plant la the efficiency of 



tho coirriiononta turb'no, corapreaaoi*, and combustion 

-'/iu.ibor. Ince t};e not viork oroduco'^ by such a unit Is 
t}-.e difforenco botwoen tho turbine work and the oorr.pres- 
Gor work, t ose component ofrioionoiea mat be kopt as 
'13 possible . Turbines and combiActlon clianbors of 
relatively high elTicioncy can bo designed ; however, the 
d-'ottf; of hig’nly off ic lent comproasors Is a major pro- 
blem* 'dio o i’iciency of a cowpreysor Is affected greatly 
1)'.' snail olianges in blade forrii* hinco it is Important 
t'vnt t.'iO efficiency of a conpreseor ia not inpuirod dur- 
Inr contlnvous on or at ! on, tl'.o effect of fouling on tho 
blading bpcor.os a major problem. In actual practice, a 
gas t'r'-b'r>o plant undor continuous operation may foul 
considerably duo to th presence of foreign particios in 
atnoopi^oro . This fouling, In ol'foct, will alter the 
soapo of the c !.iy)rosoor blades and tims subsequently x*e- 
duco O' ;.r)rBosor o^'h’ iciency. In the extromo case, all t]-^ 
tur’o'no p X* output would go toward driving the compr-es- 
s'^r, l>'V*ng liono for useful </ork» At son, though tho at- 
ui': S'.’. her- .5 la relatively free from dust particles, tho pro- 
nonce of moist salt oart'cles c-'institutos a source of 
fouling. It la escoutial, tlieref ox*o , tn*it tho rate and 
-..•-/piituic of fouling be as accurutolv determined as p«o- 
sible, f r, in t.;o case of chipboarl Installat 1 ^-ns, the 



operating life of a gas tiu'bine unit, and thus the 

^ * 

poriods betvjoon ovorhauls, vrill depend largely thero- 
upon* 

7110 specific purpose of this thesis is to design 

.vir 

and construct a suitable ompreseor tost stand parti** 
cularly adaptable to ooaproseor fouling tests. Though 
conduction of these fouling teats will be the primary 
puroose of the unit, the deoJjjptj will lend Itsolf readi- 
ly to other cocjprosaor teste of a diversified natiu'e. 

Sono v/orl: hue been accompli chad regarding the effect 
of wot coiapression in compressora, but this has been li- 
taltod largely to centrlX'ugal units, "/ator injection has 
been auccGflsfully oKployed In a few U.S.A.P. aviation 
gas turbine jets, but those were of the centrifugal 
type, A notable exception la tho French Hatoau 3RA-101, 
which is equipped with a ten stage axial-flow oowpreeGor. 
Under takeoff conditiono, with water injection into the 
compressor inlet, thla \init develops 8820 pounds of 
thrust, an increase of Zl.% duo to the water injoctlon, 
l?ono of the research upon the effects of water in- 
jection has touched upon the effect of fculln^i on coei- 
pressor porf oriaanoe . Tho presonco of fouling on com- 
pressor blading has been notod from tests conducted at 
U. 3, llaval ‘^glneerlng nxperirsontal Station, Annapolis, 
Ifarylanrl, but to this date stops to aaoortain It# re- 
sulting effects tiave not boon undortakon. 

During h’orld '>*ar II and the years iitnodiately prece- 
ding it, the Oertnans unde^rbook an interootlng aeries of 



tfjsts on fxxial-l'lovT c-Mriproaii ra. Th^ t'osults w^re pubi'ah- 
0 cl by br-, >*nno ’\Ci.ert in Stuttgart in 194<? at the :'o~ 
V'ost of t'fo Naval Technical i'issicn in Dir-'po. Thoao 
W'^ro lator translated by the P.urcari of Aeronautics, liavy 
Jopartnent, a'ld thOT) published by the Ifuroan of Ships. 

?he cf;r.x}):*G 3 3wr' poi’fnmancG results wore ntuch lever tl’-an 
those of current ''r'.orlcan and '5”'£ish designs, .iff oc tod 
chiefly by oxco salve staj;e pres cure rises and the ignoi>~ 
ing of I’adliil stability. Hov/ovor, tlie experimental teoh- 
niquos and theoretical analyses of the Oermans wore of 
unusual intorost. The test rig consisted ossontlaJly of 
an open cycle oornpre.'>sor driven by an ^ilectric motor or 
a dynamojoctor, the whole unit being sup'>ortod by a float- 
ing cradle. Tn one test rig, the air flow was controlled 
by a radial throttle at the compressor outlet, and mo- 
tored by an orifice locatoJ aVjoad of the comproasor in- 
lot, Other test rigs placed the motoring orifices at the 
ednpressor outlet and varied the air flow by us.lng ori- 
ficGvS of different diamoters. Provioiono v/erc made for 
moasurin : the pressure and temperature at each stage. 

In a.iditlon, the compressor blades coxud bo rotated to 
give any dosirod angle of attack. 

Technical Note No, lldS' (Jlatlonal Advisory Comjait.teo 
for Aeronautics) oatitled "standard '^rocodiu'es for -eating 
and Testing I'nitlstnpo AxIal-I-^lov/ Compressors" 'naa been 
a very useful a r.irco o'"' Infornatim for this thoois. 
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c^'APr II - g37?t;rau d '. sen ip? tot; op tkst i:i:iiT 



The tost stands described in the previous chapter 
?/ere all of the open cycle design. For several reasons, 
however, the test unit finally decided upon for this 
thesis V/P.3 a closed cycle design. For ca’nprossor foul- 
ing tests the closed cycle would provide bettor con- 
trol of c'^npressor Inlet conditiona — ----pressure, 
terr-poraturo and quantity of fouling material. It was 
decided to drive tno conrprQssor with the original tur- 
bine rat hex’ than with an electi’lc motor, as this would 
eUminato chart ali?:rimont difficulties arA most of the 
bearing problems. The turbine would be driven by air 
from t'no wind tunnel, tMa, of course, resulting In a 
reduction from docignod turbine pot/exr output. ?»ith the 
closed cycle the inlot conditiona of the compressor 
would be kopt at a partial vacuum, thus reducing the 
compressor work and increasing the mxim’im obtainable 
soeed of the tost unit. 

Tile air flow thrt"'Ugh the tost unit is divided into 

two distinct cycles-- the power air cycle and the 

compressor air cycle.’ See '='lgure I. The general ar- 
rangonent of the unit is shown in Piguro II. Fabri- 
cation of moat of the ducting was accompllBhed nt the 
Poston Maval Shipyard. 

Power Air Cycle 

•The single stage turbine is driven by air from the 
supersonic winrl tunnel. The air* flows from th‘-- tunnel 



outlet valve thi*oug}a a ayaten of 12'* ducting, a tnansi- 
tlon cujnfcor nari'owlng to 0'' piping, and thence into the 
duplex ciianibcr. Sufflciont flow area has V>eon provided 
In tho chawbor to prevent tho occurrence of high Wach 
^^unber air velocities. Tho air then expands tiirough tho 
tizrbino and exhausts through another transition member 
to tl» v/ind txjnnel inlet valve* The power output of the 
turbine is vai’ied by varying the air flow through the 
wind tunnel system. 

Compressor Air Cycle 

The compressor air cycle Is designed as a closed cy- 
cle to oporato at pressures Bomowiiat below atmoophorio, 

Tho air flows in a continuous cycle tiu'ough tho compressor 
Inlet duct into the compressor, where it is compressed 
and exhausted into tho duplex CEhambor# Prom there it is 
ductod thi'ough a system of piping to a gate valve# The 
latter can be adjusted tc uroduco a ride range of air 
mss flow through tho cycle. The air then passes through 
a transition flange to a 24^^ diameter elbow provided with 
air flow straightenors, whence it continues through a 
set of coolers followed by a wire screen and then ro- 
entoro tho compressor Inlot duct, time comjjloting the 
cycle * 

A means for exhausting the comprossor air system lias 
boon provided, A. line for this purpose has been installed 
in the transition member follo-oing tho gate valve and 
leads to t!',c oxlxxuster ayatom of tho laboratory# Coupled 
•.vitli tPiC exhauster s'^stom is a valve-controllod blocdor 



aystcKi, bleodlnj^ air froin tho at:r»osphoro to the com- 
pressor air cycle* The exiiauster Is operated at full 
capacity, and control of the air pressure at the cora- 
presaor inlet duct is had by regulating tlie amount of 
air bled from the atmos]^hore tiu’ough the bleeder systw.u 
Tho tomperaturo of the air entering the compressor 
is controlled by varying tlio v/ator flow through the 



coolers* 
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Gft'neral View of Test Facility 








PLATE B 



Test i*‘acllity - hight olcs 




PLATil C 



Test Facility - Left sitle 
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Tho purooGO oi the toct run v/as tv/ofold* The miln 
object, of cuurso, v/as to teat tiio functioning of tho 
tost atani, ana correct any wochanical troublsa that 
right bocora apparent. This was dono by opoi^atlng the 
oori’^rosBor over a wide range of speed ani prss 'ure 
conditions, Tt the sane tlno it v,'as desired to obtain 
the opera ting c’iiu-acteriotic& of the conpreasor. 

The spool of tho conprossor vras conti’ollad by 
regulating tho suq'v*. of tiio wind tunnel cororocnor, 
f'.iO inlet anJ outlet win-i turinel valves were !<opt wide 
ooCn at all tirier. The conproasor speed was increasoi 
in incro'^ontii of ibout 1000 rpu, r/ith tho following 
tcctinr* Mroceiure used for oach speed: .7ltli tho 

eoi:prc,; oi' running nt essentially constant speed, tho 
air ....iss i’lov/ firid ccnrjz’cscor buck, pres.aure v/'re varied 
by adjustin.g tho /ante valve Ir. the covrprofsoor air cycle, 
Presrurc, t-jpcorature and speed readings were t....<en 
with the <^nte valve fully ooen, about half opon, one- 
'.uarter onon, <>n"* until tho coiapressor surpo point 
vs.is reas. bed, ',’hon thi5; nroco luro * as completed, the 
spool of t’i .0 corrnrossor was lncroa.^od, and tiio procedure 
cyclo w.as rcncato’. The proosure in tho ylonum chamber 
wa.s i;i>.int’-ilnev’ as cloeo to atmospheric pressure as 
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posoiblo by controlling tho quantity of air pasalns 
through the exhauster and air bleeding eyatoM, Appondlx 
D describes in d-stail tho location and type of tho 
Instrufflontatlon need for the teat runs* 



■» 



/ 



0 



IV 



riv/P H“:rTi/:s 



Toot and ro 'ults for tlis co:.rDrg3sor tost 

run of 9 Ty-y 1931, have boon rocordel in Tables I and 
II. Co:?XT;r 3saor charactoriat icr. aa d'-^tort il ned ib'ori tiTX) 
tost data ’auvo boon plotted in IX, for the rann,o 

Ox cotiiprcsaor spoodc. under 15Cv C Rpb'. 

Due to the f.iilui*e ol the thornocouple vli-’ins 
system, tho oo.mprossor inlet tonpor-scurc v;f* 3 no a*ox~ 
liaate * fx*0'^ the ar'blcnt air toriporaturo ani tho air 
tempernturo lonvirty tho corapresoor air cycle coolars* 
This v/as asoumod for all cfilcul‘;t ions to be VO^p, 



TABLE I 
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COMPRESSOR TEST DATA 

DATE 

TEST NO. 1 

CORR. BAR. PRESSURE o — 

AMBIENT TEMPERATURE 833°^ 

WIND TUNNEL COOLER TEMP. ^ 


RUN 


Po 

.VH H 3 


A Po-. 


Po. 

/vwi H 3 


Po. 

Ha 


o(R.- PJ 

/VV 1 M 1 ^ 


R P M 


1 


- 1-4 




- Zi 


3 X 


3 


‘jfci'O 


z. 


- 4-1 


1 X f 


--XJ. 


31 




1 300 


3 




c (6 


- l-X 


Is 3 




1700 


4 


' 13 


< 1 1 


- 1 1 


1 -? 




1 0 1 oo 


S' 


-i3 


ul 


- 1 . 1 . 


Z .1 




1 0 1 


c 


- (O 


14-1 


- XI. 


ri 


X03 


1 z oco 


1 








f 1 


44' i- 


(X ooo 


? 


-13 


tSf 




Sx 


44X 


U So o 




- xr 


ISO 


- XI 




3xC 


(I Xoo 


t 0 


- ( 1 , 


tss- 


-X{ 


St 


4ia 


tx. oo o 


H 


- « 2 - 


(9<\ 


-x\ 


(,G 


445 


13 6 ro 


ix 


- (3 


Mr 


-11 


6>t 


<ii *7 


il lOO 


'3 




( 15* 


-U 


71. 


C (3 


U4fO 


14 


-3 ( 


MS 


- lo 


1 (0 




\Z zoo 


IS 


- O 




( 


7 Z. 


4C, 


14 300 


1 6 


(3 


2 . <4 


-^1 


as 


(0 1.1 


1 4 3*00 


n 


' '3 


X So 


-ZO 


T 4» 


7 1 ' 


14 sro 


If 


- a 


t.i4 


-x( 


7 y 


4«1( 


(4 RJO 


1 9 


- (4- 


1 1 r 


-Zl 


74 




(4 SSo 


Z 0 


-«3 


tt-4 


-n 


f4 




(4 SS’o 



f i 





TABLE II 
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COMPRESSOR CALCULATION SUMMARY 

DATE 
TEST NO. 

CORR. BAR. PRESSURE 

AMBIENT TEMPERATURE . -J*/- 

WIND TUNNEL COOLER TEMP. 


RUN 


CORR 

CAR 

PRtSS 

Wa A. 


/iP 

iNc£r 

Pt»cr 

U>o 


Po 

**«4 < 


T, 

‘’R 


• M t er 

0 ‘^tT 

^ ^ M j 


p. 

« ga 


p.. 

H^a 


Po\ 

/W«AM UjA. 




pi 

— 


% 


N 


N 


lOOw^, 




VT 


p. 


\ 




U\ 


7 as* 


5*30 


9 

• 


7XU 




79| 


1 i 


771 


1 04X 


1450 


4M 


7. ox 




Z, 




fJL 


7iir 


i*3P 


9 


? oi 


?37 


7io 


q 


7?l 


(.10 5 


1 3oo 


4 oa 


6 7o 






75* 


4(b 


7 It 


•Tao 


9 


7 04 


7 J7 


7«X 


xa 


751^ 


1.070 


1 7 00 


f xo 


6.88 






7Si 


<o 




rjo 




7ii 


73 ? 


7 V7 


XG 


74 1 


I o3i* 


(0 I 00 


43i 


6 10 




r 


7 Si 


< 17 


li'b 


J* 3o 


9 


737 


7 37 




X 4> 


T4t 


/o3s 


(Clod 


4 34 


6 90 




c 






7Y-1 


5 30 


1 0 




737 


Sto 




^73 


1 . 04i 


1 \ OOP 


5 X 0 


7.SS 




1 


7r<i 


(Sb 


■?<»? 


X>o 


(I 


73 ? 


738 


8 08 


3 6 


771 


f.048 


1 1 9 OP 


Slo 


1.93 




Sr 


7i*t 


(scr 


7^fo 


yao 


u 


7 55 


738 


mi 


32. 


779 


1.040 


II too 


Six 


7-Ro 






7Ji 


ISO 


731 


5 3o 


II 


7:^0 


7 3T 


8 ii 


7.4- 


7 15 


(.105 


(1 loo 


486 


7.7? 




to 




(SS 


747 


5*30 


II 


734 


73 ? 


8 lo 




7 75 


I .OSL 


/ X 00 


5i f 


7.1^ 




u 


75i 


1 


7A7 


530 


;r 


737. 


738 


8l5 


4 7 


77? 


(0 4 ( 


I 3^JO 


S9 1 


9.tl 




ix 


7i*i 


lit 


7-A6 


530 


15 


■'31 


7 40 


SiT 


9? 


119 


1. 845 


(3-7 pO 


515 


8.81 




li 


7S1 




744 


X30 


14 


no 


738 


f 3( 


i5 


784 


(.074 


l>4S0 


584 


8.80 










7^8 


530 


l5 


7'3 


73i 


83i 


3S 


71b 


(. 1 X 0 


1 3 i Oo 


•s'n 


8 . FI 




li* 


7 Si 




744 


530 


(G 


7 30 


738 


83» 


5i 


180 


(.070 


(4300 


4X0 


9.2 4 




lb 


73*<? 


T. 


744 


5 30 




130 


738 


8 ti 


-fb 


79i 


1. O7o 


1 4soo 


1 

43o 


‘t.ie 




n 


7Si 


7.30 


744 


530 


n 


7iS 


7 3<? 


835 


Sx 


7 9} 


(.07 5 


I48SO 


4 45 


1-53 




18 






744 


530 


n 


7Xi 


73e 


837 


Si 


I3i 


l-OSo 


|4qj*o 


450 


1.50 




1 ^ 


7Si 




745 


S30 


n 


7l« 


138 


83# 


. 5*c? 


7 88 


1 .o#x 


1 4?ro 


b4r 


1.48 




Xo 


75i 




744 


5Jo 


1 1 


rx*! 


7 38 


543 


5/ 


74l 


( oea 


(40SO 


6A5 


9 50 
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CHAP'r^’I? V 



DirCUSSION OF Hli'SULTS 



Being the first ©xporlraontal i*un, of the conpreasor 
test stand, tho tost results ar© «ora Indicative than 
conclusivo, and tho accuracy of tilo data can be questioned 
7fco iTtfiin object of the test run was achieved, since 
many Interoatln:* diffloultioa wore brought to lifi^it. 

The operation of the tliemocoupies was far fropi 
satisfactory. .‘'Joadings of tho potentlcnaeter were erratic 
and at no tirao consistent, 7ida was boliovod to be due 
to either a short circuit or ft faulty connection in the 
thorrr.ocouple wiring system, Por tMs rejiaon, tho 
compressor Inlot temper atxire had to be inferred from 
the ambient air tomperaturo and tli© air temperature 
at the ovitlot of tiio conprosaor air cycle cooler. 

Compressor and turbine vibrations wore considerable, 
particularly at two critical speeds ~ 250 HPJ4 and 6000 
7000 RPr'. At 250 RF?.’, the bearing noise was considerable, 
being unusmlly loud and oevore. Severe vibration of 
tile unit at about CC00~7000 RPli waa attx’lbuted to the 
struts supporting tho conpi*ocsor inlot duct, 
identical trouble was recorded in the KACA logbook for 
tiiis gas turbine unit, Hxtreme caution had to bo 
exorcised wheji recording total pressure readings, as 
tho vibrations tended to alter the poa'ition of the 
pitot tube in the air flow. Because of the extreme 
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vibration, it vras found ainost iupooslble to koop tine 
cottpreaoor at tlwj suri'c point long enough to obtain 
pressure conditions and apo®d roadinge. It was foai’ed 
that these vibrations night rupture ono of the i*ubber 
dlaplu»agms in the systoni. 

The raaxinum speed reached on the test run was 
15000 HPl'., which is the rated Idling speed of the 
gaa turbino unit* Duo to the uncertainty conceniing the 
otroiigth of the mbbor diapliragms and also a shortage 
of testing time, it wuc aecidod to Unit the teat run 
to values below this speed. 

As a result of tills limitation in speed, tho 
coniprossor characteristic curves plotted in Figure IX 
were limited to a very sTJiall portion of tho total operating 
range of the compressor. The general trend of the curves 
were logical and indicated the approximate performance 
oharaotorisbics of tho compressoz’, but the absolute 
values of the curves should not bo considered as accurate* 

Tho lubrication system seomod to function properly, 
and no serious trouble was experienced. The level of 
oil In tho simp tank was maintained at a distance of 
about 3/8” from tho bottom. 

Tho tost data for all runs bolow 9000 HPH were 
discarded whon a faulty connection in tho caaprossor 
inlet total prossuro tap was discovered. 
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During tho teat run the cosipros.oor aix’ cycle 
cooler d*^volopod a alight leak. A loose connection 
between tho plonnr. charrhar and tho cop*.pro3cor Inlot 
duct, probably caused by tho vibration of tho compressor 
Inlet duct struts, r.iight Iiavo had an effect on pros'^uro 
readings • 

Tho one co’^^pressor outlet teriporature reading 
accxiratol^’’ measurod was obtained with a mercury 
theriaomoter through an access plug in the duplex chamber* 
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ciiapt:z:r vi aoncmaioHs 

Prora tho results of th» tost runs tho following 
conolusions my bo dravm: 

1, The design and construction of the coraprescor 
test stand is satisfactory, at present, for 
llmitod coiaprosaor tests, With the adoption 
of tho roconanondati on 3 stated in Chapter VII, 
a wider range of corcproacor tests will bo possiblo, 
1;, Tho operating characterietica of tho oorapressor 
wero d-ten’ilned for a very limited jcango of 
speed an-d presMuro conditions, below 150C0 ftPM, 
These results arc Merely Indicative of the 
compressor ciiaractoristlos, and should not ba 
oonsldorod as accurate. Portlier tests should bo 
conducted after design modifications have boon 
C OIup iotod, 

3, The air mass flov; tlirough tlie coaprossor inlet 
duct can be measured accurately within 1,12-^, 
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OHAPTKH VII n:-'G0r'’MiDA7I0TI3 



\s a rosult of the ox^jorienoe gained darlnj- tho 
toot run, tho follo;yin,g design loodif Icationa should 
be rmd beforo further tooting of tho unit: 

(1) aoplnco f'._' r'.r.vb 'i . j'.;, .‘.v in tho 

■ap'.'.x *;=. *■ ■ > oosnpreasor 

.1 .I-’- 'rlonuoa cbiojober with 

t'toial diapliragsio, ?;ith tho present 
rubber diaphi»agma pre suture variations at 
the conpreasor inlet are oxtroiooly 
limited and must bo maintainod at 
pressures near atoioapherio* 

(2) A tliorou;;:h chook of the turbine and 
corrpresaor boarlnris should be made before 
operating at any speed higher than 15000 RP'h 

(3) Replace tho compressor inlet duct struts 
with struts of a heavier gauge shoot metal, 
or angle* 

(4) A thorough chock of tile thermocouple circuit 
should be made • Th© thermocouples were not 
functioning properly, due probably to eltlier 
a short circuit or a loose connection in the 
v;iring system* 
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(5) r:!rmoraotors ol' greator range ahould bo used 
for monitoring of lubrication aspirating 
air and lubrication seal pr»osuuriziri3; line* 

(0) Coolers should be oheokod for leaks - there 
apparently wa# a ®mll leak in one of tho 
coolers, although this may be of no conse*» 
quonce, 

(7) A re-ciroulatinr. lim in the lubrication 
supply lino should bo ins tailed , since the 
amount of lube oil pumpeJ thi-ough the 
systom to the aspirator depends on the 
tempera turo of the engine parts, Tiils 
machine runs at relatively low tompiratures 
and honco tho lubi*icatlon needs aro leas* 

(0) Duo to snail inaccuracies In the rijoasurenonts 
Jind/or mnnfactm’o 6f tho ducting, tsaall nia- 
allgacionts should be corrected by lengthening 
or shortening ducting to fit* 

(9) !Pho operating cliaroct eristic a of tho compressor 
should bo dotormined moro aocux*ately over 
tho entire operating speed rarige. This 
vms not possible provlously duo to factors 
discussed in Chapter V, 
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A'/PEKDIX A - TUH3IHS A'lD C0UPRES30H AHRAmEl^l}? 



The roain component of tho compreossor tost stand is 
the ';iOQtinpjhouaQ X9#5B aircraft turbojet vsrhioh is design- 
ed for 2C0 pounds of thrust at military rating { 36,000 
•n V at static sea level conditions )♦ The engine consists 
of an axial flow compressor of six stages with a maxlraum 
3 to 1 pressure ratio at static sea level conditions^ a 
double annular combustion chamber, and a single stage 
turbine. Tho unit h;as beon modified to accorrenodate the 
power air cycle and the compressor air cycle by convert- 
ing the combustion chamber iiito a duplex chamber. Tho 
two air cycles aro separated in the duplex chamber by a 
t;vo-ply 1/8” rubber dlapliragm secured transversely across 
tlie chamber. A sectional view of tho turbine and compressor 
units may bo seen in Figure III. For general specifica- 
tions of the unit reference is made ta '.yoatlnghousc Elec- 
tric Company rpoolficiit ion Ko» '‘/ACT-XQ.b-^ (yodel Speci- 
fication X9.5 Turbo-jet V^^lne). 

The turbine, compreosor, and duplex clxambor aro com- 
pletely free of I’lgid connection to the remainder of tho 

SYstom accrmT)l:lsl'iod by use of heavy rubber cxj:>anolon 

joints. TJth this arrangement transmittal of ducting vl- 
bx'atlona to the turbine and conprossor y/111 be kept to a 
mlnlMun. 

The compressor Ixilot duct, Piguro IV, is secured to 
t>ic olenun ciTonber by a 1/8'' rubber dlaphi*af>?ii, tho luitior 
serving aa an expansion joint. At its oixter periphery, tho 
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FIGURE IV 
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j£ilaphr*«gm is socur®4 to tiio plontun cbainbcr I'lanpjo with a 
steel retainer ring and bolt ad into position. At its in- 
ner periphery the diaphragn is mdo fast to tho cowprooo- 
or Inlot duct with a retainer ring and ia hold In posi- 
tiem by wobd aorewe and rubber oonient , Tlio oonprocsor 
inlet duct, fabricated of wJiito pine, is fitted with an 
aluninua ring designed to fit snugly wltl\in tho oornprosa- 
or inlet j for rigidity, throe shoot metal struts are em- 
ployed • 

To pormlt measuring of tho mass flow to tho compress- 
or, the inlet duct has been calibrated, Por detailed re- 
sults reference Is znado to AppondlxE* 
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A?'-^KNDIX a - DST AILED AH Qi'" DUPLTjX CHAMBER 



The dosign and oonatruotlon of the du^olex cliejnbcr 
was by far tlie most difficult phfise of tho thosla# limit- 
ing dinonalono constituting the most serious problaa. 

The basic dcsl^i rcquirononb stipulated bh&t tho charaber 
aocoraodftto both tho compz'asscr and tho power air flows* 
l*’or a general arrungoaont of tho ohaiabor roforonce is 
made to T^iguros V and ’/I. 

Tho air from tho r/ind tunnel enters tho tm*bino thro^^s;;h 
tb-e duplex cliarabar Inlet annulus. Tho annzzluo, construct- 
el of 13-eauge lalld ntool, of semi-weld construction, Is 
designed to provide a uniformly distributed flow of air 
to the tui’bina nozzles* From the atinulus bh.e air enters 
t)i© duplex chambor proper through six 2'’ by 3” porta lo- 
cated olrcumforontially arouiii tho outer shell of tl50 
cVianbcrj those ports are of ouffloient area to keep air 
voloc'tlcs within acceptable limits below those corre- 

sponding to a ^ acfi IJuabor of G.80 . 

llo v/oldlng operations ware attempted on tho olioll of 
tho chamber, tide to prevent any misallgninont of parts 
duo to hoat distortion. For this reason bolts aro used for 
tho securing of all parts. Y}:o inlet annulus Is bolted to 
tl'iO out or shell of tho chamber by means of two mild steel 
flan^;ea. Hubbor gaskets arc employe, to reduce air leaks 
bo a m'. nlrrtjm. 

The compressor air outlet from ttio duplex chiunbor, of 
IG-ga'igo irdld steel construction and 5 o/o'* in diameter^ 



is bolt©' to tho top of tho chfinbor. 

The njbber dlapiipnfp separating fno two air flows is 
hold in noaitlon by two sots of retainer rings. One act 
is sccuroi to the Inside wall of tlio outer shell of the 
clMiJnbor, and tho other sot is socurod to tho outer wall 
of thi6 inner shell. Ono r'ng in oach sot is flanged and 
bolted to the chamber shells * Tho diaphv’agm is then posi- 
tioned and bolted in place between tlie two rings. 



FIGURE V 
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FIGURE VI 
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APP.^DI.X C - D .TAILS OP ?HS LUBRIGATIOW 3YST5^i 

UMor norsnal oporation, v7hcn tho ongine operates as 
a jot engine, tho oxcoss lubricant (oil mist) is allowed 
to enter the air stream and pass out of the engine with 
the exliaust gasoa of combustion. 

^’hon operating as a compressor test facility it v/Ill 
bo Important that no oil be permitted to enter tho vri.nd 
tunnel syatom to create serious fouling conditions. Ac- 
cordlnfjly, it v?as necoseary to alter t>iO lubrication 
system somewhat to noet this requirement. 

Under normal operation ( ao a jet engine) , tho lu- 
bricant exhausts into tho air syston in two locations j 

(1) iinnedlatoly forwam of the comproasor outlet 

(2) botv/oen tne turbine nozzles and turbine rotor 

The pi'evention of oil leakage beyond the tui’bine has boon 
accompilsl>ed in the following manner: A drain line has been 

installed loading from e point insl.de the Inner shell of 

the duplex chamber, through a former fuel oil connection, 

and out to an oil trap and vacuum air purjp. Tlius, tho 

irainago system has hyoan so d algjiod tint a prosnure ^dlXT i- 

rentlal exists botwoon all parts of the unit and tlio drain 

lino. To assist in tho provontlon of oil leakage between 

the turbine n''‘ZzleB and blades (item 2, above) compresac 

air has been led to a bronze pr oaur"'. zoi oil seal ring 

installed between tho turbine bearing and turbine rotor 
as shown In Figure VII, Tho proasui'o gp’adiont sot up is, 

again, in tho direction of tho dx*ain line. Thus, xUil oil 



>’«p: 'mk- 




rist 1 low Is In the dli'octlon of the dr/iinar,e systom. 

To insuro proper lubrication of tl^c turbine Vx^aring 
the lubrication line luis boon altered to run to a point 
ui’t of the bearing instead of before it as was tlia erse 
oi’ifinally . This oormlts *oil flow in the direction of 
th { •irGs:Eure r^-adiont montioned above. 

Installation of the bronze scaling ring made nocos- 
cary tho novonent of the ‘^;'i«r..nocou>>lo for th.^ turbine 
bearing t ,' a p Int aheul of tho bearing instead of after 

X u « 
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FIGURE VII 
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APP.TOIX. D_ 




inn 






The Inafcrunontrition is dc'iifjned to noasurc: the 
presnuro and teiaperaturo ccndltione at t!io Inlet and 

outlet or the compreasorj tho inlst ataf'nabicn pro e sure 

1 

and pressura drop across the coraprosaor Inlet, duct, 
vrhioh hfte been c<jllbi‘nte..l as a fluid l*lo«y neterj the 
temperatures at the three turbine and cornpresoor 
bearings; and the speed of tixe compressor. Pir^ro X 
shows the general arrangement of the instrumentation 
system. 



Pres3iu;*e 

?ho static pressure at the inlet of the oompreccor 
inlet duqt Is Measured by a morcui’y vacuum mnometer* 

Tho 1/Q" pressure tap is locate ^ In tho 'ilcnun ohiimbor 
three inches from tho cc^npreesor inlet duct. The 
pressure drop across the compressor inlet duct is 
Moaaurod on a wator rmncciotor. Tho other log of the 
■water manometor Is connected to tho static proanuro side 
of a combination static-total prefssure pitot tube located 
In tho compressor Inlot* The total proscure as moasurod 
by this pitot tube is Indloatod on a tnorcury sjanometor. 
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Another oor.blnatlon atatlc-total prcs.^ure pitot tuhj 
ia locate-i in the conipro-soor outiot, a mercury manometor 
noasureo tho total preotjuro, whlLo a wator manonietor 
is used to measure tho pressure dirrsi'onco botv/ocn the 
otatic and total pressure taps. All m.mometors aro 
calibrate'] in mllilncters* 

Temperature 



Iron-ccnstnntan AO ?/lr© thervK’COUples are 

used to dotermino temperature conditions in the system. 

A Leeds ami TIorthrup double-range potent lomet or 
indicator measiorosthe thermocouple electromotive foi-ce. 

The thennooouplo wires are cormectod at the tori.peraturo 
roferonco point, an ice buth containo'd in a thermos 
bottle, to copper load vfix'os i’rom a multiple svifltch, 

A total of five thermocouples are used. T./o thernocouplos 
nonsure the stagnation tomperatureo at tho cenprossor 
Inlet and tho compressor outlet. The other tiiroo 
thoi’mocoupleo measure the lubricati ug oil ter.rpcratm'os 
at each of the throe shai't bearings. The following 
color codf^ v;as xiaod for i 1 ntif icatl "'n purpoB'-'s - 
white or yellow indicating iron, and green or blue 
Indicating const ant an* 



Spaed 



A .tachometer connected to the main shaft ti^pough 
a bevel gear and operating at a epeod ratio of 0.060 
to 1 Indicates the speed of the oorcproscor rotor. 



37 



r.?v’C:,djx t CAi,,:B;i.’,Tio:r op 



'' r> r > . . - r . -5 

4 4\.^0 V t 



I?/T.i?T DUCT 



^oneri^l Arrrvnif^ey.ont 

To provide a sioana of dotemining tfco air saass flow 
tVirough tho coatprssaor, the oo;iTpre88cr inlet duct was 
calibrate > as a flew motor with a standard AS^S orifice 
plate* Th.e arr*anso?r.ont of the tost stand was snodified 
for calibration purposes as shovni in Figure VIII, 4 
goneral view of the calibration layout is also shown 
in Plate D . 

The principal alteration was that of conblnin«: the 
two closed air cycles to forJA a single flow of air freoA 
t’ne wind tunnel tlirough the cystera. For the calibration 
run the turbine and compressor rotors v/oro removed, to 
ellKiinato any poaoible lubrication problems. The rubber 
diaphragm separating the two air cycles in tho duplex 
chanbor was remove j, and all other outlets from the 
c?iatabor were blanked off. The orifice used to calibrate 
tho cpT.oroosor inlet duct was a £*S5" standard 
snuaro edge orifice plate, with flange taps* To insure 
a smooth velocity profile of the air approachltig the 
standard orifice, straightening tubes aitd a straightonlng 
scroon were placed in the air ducting eight diamoters 
In front of tho orifice, as specif led by ASi*I2 instruc- 
tions, Tho standar'i orifice was ponlbioned betwoon 
two lonrths of straight smooth ducting -0,G dlnraetors 
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General View Showing Calibration Set-up 
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In front of tlio orifice and 3.4 dlarfiotors bo'nind the 
orifice, k r/lr© scraon otrnightoncr v/ai-: placod in 
the plenuisi chamber to smooth out tho air flow entering 
the coKproscor inlot duct. The water cooler air txibec 
In front of tho screen also served to eliminate turb- 
ulence in tho air flow# 

Instrument at ion 



Tho primary iBoasuremonts dooirod for the calibration 

wore : 

(1) Tho differential proasuro across the orifice 
and across tho comprossor inlet duct# 

(2) The static air pressuro at tho inlet of tho 
standar .! orifice and at the inlet of tho 
comproer.or inlot duct. 

(3) The average air tomporature across tho 
standard orifice and the compressor inlet 
duct, 

Prossuro conditions on both aides of tho standard 
orifice wore nsoasurod fron two flange taps, located one 
inch from each face of tho orifice# a mercury manomoter, 
calibrated in tnillimotsra of morcury, measured the static 
prossuro at the inlet of tiio orlflco# 



Tho differential 
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proayur'O ric.voT,h t.Pn ori'lo'j vna raoaaurod on a 'oatax* 
■nanOiAotcr, c xliurotcd in ail ] irif>tors of v/alan« 

i’aQ ;ir* prasouna antorinj; tho gohjp’.’os. or- 

in».ot duob ixcajuro.i fror* rr. 1 /c '' static ni*eos'uro 

t ic.., locate X in foe plonua .'’-.aafooi*, three inches i'rorri 
tho Inlot 1 lan”e of t}io ocnorosaor inlot luct. u 
CO.. I l.nat.*on sa.^tic-total nrossuro pitot t’obo locato.1 
in tho co.nproo'. or Intake wae use. I in conjunction with 
the tjleauiTi charabei* oivsoure nap tc uoa.aurc the differ- 
ential proa'.uro nxl sting aci>oss the coirproasor inlut duct, 
Tho static air pr-os.'Ui*o waa rncasurod in laillimoters of 
rrv> >oury; the dlffcx'cnt ill pi j sour e :r.tinoured in nillimctera 
of iTal'ci'", Calibration tests voro run Trith tv/o slzos of 
pitot tuber, v/ith oxiellor.t co.in*elat Ion of r-ecults. 

Torioeraturc iiea surer. ents ivero t.akon at the outlet cf 
tho .'.in ind tunnel oool;;r. Since the tonporatui’e 
differ'-nce betv.'con the c color tor.riorature arid tho ambiont 
roori t onporature x?ac antrerely sli.rht, this to.nperatai'o 
v/.is suf ■.'iciontly iccurato Tor calibration irurpoaea. 



Ca 1 i h r a t i on Pro c caiu va 

act’ial caxibr.ition run a 75 n.r H.c;, 
th.o S"3lcn to te»T: for aii* 
ha i rc'^n oli inatod the v/ind 
o er.c i and tncc calibration 



Pre.^aratorv to the 
vc -uubi vf.as imer ui >od or 
lea'-rgo, '.fter lo.n‘:a -c 
tunnel cuclcit v u.vo ns 



run v/aa stixrteJ. To provont excessive presiuro on the 

rubber Uinphragia bot'.irecn the oonprcs>'.or inlot rhict and 

the •plonum cfuimber, the pressure in tl'.o plonur/i ciicuabor 

v;n 3 l:opt within 50 nvn, )<{i» of the atwospheric pressure. 

The air flov? throucth the unit v/aa ohanf^ed by si-iali 

infcoi'Vala, an/s pressure rsa.iings taken aX'tcr the flow 

hai stabilized. TMs procvohiro v;as repeated over a 

wide ranpe of air flows, liultoi only by the ranr,e 

of the standard orifice dlfforontlal pr.5Ds.ure nano/noter. 

A total of four I’uns was nade , The calibration tost 

% 

data and tost I’onults appear In Tables I.II and IV. 

The Method use. in calcuinting these results is 
presence-^. In ippendix P . 

riottinr^ of Results 



Instead of the usual plot of nozzle coofi’lcient 
voPTju.a Reynolds Kuriber, it was iccidad to plot the 
differontlrl yu'oo:Ui»e across tho compressor inlet duct 
ver-!us t^ic co>-iipro3sor flow parasiotor 100 w 

where is the coMpresoor inlet tomporaturo in 
w ia the air flow in pourida per second 
p_y is tho inlet <iucb inlet presaure In nn ll^a, 

Thia w.aa iocnod a norc convenient method of plotting for 
use in det:jrr;jtnin~ the coM'.:>roc:’.'jr chardctorlst ic curve.',;. 
The c. librati.on curvo is rfn^rm in ‘■•l.'-'ure XI, 
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Source e of £i*ror 



One of the G3»U7?iptious in tho calculatlona of 

the air siass flow was that the flow thi’ough the comprons*- 
or inlot duQt was ths cano aa that through tho standard ‘ 
orlfioo, 1 * 0 * no air loakaso occ\irrod het's/oon the orifice 
and tho coEjprossor Inlot duct. Thus any Icakafo would 
roi'.ult In an error in dotoraining air Kcica flow, This 
error would increase with increase in flow since air 
leakage increases with flow* 

The isasa flow calculations also asautied dry air 
flow. Any nolsturo in tho air, roaultlng porhaps frosi 
wind tunnel cooler leakage , would affect the value of 
the calculated density. However, tho denoity in the 
expression for tho mass flow occurs as ths square root, 
which should reduce this error to a nogliglblo quantity* 
The temperature of tho air leaving the wind 
tunnel cooler was assumed to ho tho temperature at the 
orifice and the compressor inlet duct. This tonporature 
should not bo in error exceoding o®H. or less tlian 1‘i^, 
Pressure readings were correct to the nsarost 
mllllneter of tnorctiry or water, as tho case may be* 

This lntr(v:luco9 an average error not exceeding O.lf;^. 

Othor errors Include Inaccuracy in reading clTartn, 
and ollde rule errors* The total probable error lo 
tabulated below. 
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rroaourc --p 


Li:rilt of flrror 
0 • 1<5 


Square of Error 
0.0169 
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0 * 0109 
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Xndludl nr, 


sinllar orrors in dotornininr prooo-ui’e and 


tcraperature 
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total ori'or 


In CiillbiMition ahonld not 


oxcecd - ~ 1 


.12^ 
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0.13 
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0.0169 


TcBtporatui'e 
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‘Total suai of a-quaros 






1.2G99 


Totdl error in calibration 
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JL. 



t’L 






Cali'. 'rat ion 



0.5 - actual iuailo 'iia~’otei‘ o? dieting ----- 10, CO" 

J'r> ~ Jacy cle ort, rtandard orifice ----- C,25'' 

ijia-cotor ratio, - 'O.Cc }/(lC.0G) ----- C.595 

Cormoted Ivaro'iolric nroesura = cC,d5 'I'ca - - -775.0 :.m iiga 
Di f ■ -'n’ortl 0 1 la'ercura across orU’ico, as 

noasurod from flungo taps, ------- 54 ,C mm H 2 ' 

Ctafcic oressurc at orl.fiuo inlet as measured - (“0!5oC)rm :ir 
iverac'o air temporaturc at orifico, - - - - - 521^’i 
^i'svrr .8 1 l ''^7 coeiCicicnt, K, from -Igure 34* - - 0.G45 

‘'tatlc pror.suro at orifice inlet, i 

(775,f - 35 TwM })r) -------- -740,0 nn I'ga 

Z. 0 A 1 = ',54 )('^oO?r? )/{n.ic ) 0.CC550 

'■’xpanslon facto:-, fro’" '''Irure 37" ------ 0,99S 

•density, ao'jvr.lnr dry air: 

r 2,705 (Piy/Ti) where P]^ * pol 



/] - 0 ,05u4 (P|^'/Ti ) where s nm Ilya 

/? = 0524(740(0, COG )/\521) - 0.074 Ibs/ft^ 

■\ii’ ’'lass flow, vv, in t> >unda per scC'nd: 
w : 0.6C0 i -N 7 p 

where A.- - thr*oat area of orifice in sq, in, 

% 

'/ - as .’inod to be 0,045 

•1 - nroa multiplier for tr'-^rv.al 

exnansion, fren Firure S''*' - 1*0 



Y - OTr.pIric'il ozpar-sion f'actor 
j=‘, - pounds OOP cubic 1‘oot 
zip - p -undo par o-5'iia:*G ' Inch 

w = ( 0 . 6 eB)( 2 C. 6 a)(l, 0 )(C. 645 ) Y V/, ^ip( C.')C>K 21 ) 

V s (0,5Ci8) Y Af> (whore zip r ixr. M 2 O ) 



:''irst trial for air ’naas flow: 

w = (0,5048 )(C. COO) (: , 074 )(54)= 

absolute viscosity, , ivocn 'f^'if'uro 14‘"’ ------ 

Ceynolde ’*urrl)or = 48w 

yr Dr /4-i 
= 40w • 

( 5.14 )(G .25 )T1.0y 

- (2.04) X IC^ X V 

= (2.04)(10^)(1.C01) 

Actual I\ value from Kifniro 34'” - -- -- -- -- - 

Corroctci air flow = x (1,001) - - - - - 

(0.045) 



l.CCl lb s/sec 
(1.2)x 10“5 



2.04 X 10^ 
C.654 

1,015 Ico/scc 



Otatic pressure at coi.ipreoso:* inlot duct, 

= (-58) mm - 737.0 nm Hga 

Aei^-ht flow paraTC0tor,/aow /T- ^ conpressor 

* 

^ nlet duct ----------------- 3,14 

Oifforont^al proosure acmos comrrosi-.''r in^et duct- 29 rrm II^O 



* - ' i^ros rof erred to arc f .'und in ^'‘easuromant , 1949, 
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Co’^prftcsor C^uxracterist Ion 



JU.O to ti.c failuro or tho thermocouple circuit durlnj^ 
tho teat ru:is, the temperature at tho inlet of the comproos- 
or 'ivae inferred fr:>rn the ambient air tomperatvrro and tho 
to?r. 'ei’Qturo at tho comprosaor air cycle cooler. It was as- 
sumed to be 70 

■^rom test run #15, the follov?ing data was obtained; 



CorroctoJ barometric preesuro = 38,85’*Hga Z 759 »0 mm Hga 

Inlot duct Inlet pressure - -- -- -- -- -15,0 rm l-!g 

hi ff eront lal oroesuro across compressor 

*nlot di.ot, - -- -- -- -- 216,0 »;!m tioO 

Compressor inlot t -tal prosauro ------ -21,0 mm hg 

Corn; res j or o’atlot total pressure - -- -- 72,0 r/n i -45 

’■;ilTor©ntial pressure, static-total com- 

urcBsor outlet pressuros = ^(Pqo - po )- 606.0 inn 1^0 

Speed - - 14,5r0HPM 



tho rtbovo data: 



Irilot duct inlot nrossura 



759,0 - 15.0 *Pq 746,0 vr-. I-^xa 



Gom''rossor inlet s^-atic •f’hosr.ure = 

74 6. C - UG(-: ,C7349) = - 

(JO!mn'oas''r jut ict t( tal nrossuro « n,,, 

" V7, 

759. C 4 ' 72 . 0 = - -- -- -- -- 



75C',0 rim Hga 



851.0 mm llga 



- 1 rrn ’’oO eq ioie C ,07;.’)40 
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Compressor outlet static pressure - P 2 “ 



631.0 - 096(0.07349) 780.0 im Hga 

Compressor proasuro ratio = P 2 /P 1 ------ 1,07 



Prom comproscor inlet duct call brgt Ion curve, 

forAp = 21c, 0 m HgO w y^Ti 

“~Pl 




14,300 



9,24 



020,0 




Arrairji.: g 



'G.'C’\Fi3 
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